Targeted control of the aggregation, morphology and optoelectronic properties of conjugated polymers is critical for the development of high performance optoelectronic devices. In this Highlight, recent advances in the use of self-assembly approaches to strategically manipulate the order, conformation and spatial distribution of conjugated polymers in various states (e.g. solution, gels, films, solids) are discussed. Emphasis is placed on the complex relationship that exists between molecular composition, self-assembly and supramolecular organisation and their consequential influence on the optoelectronic properties and device performance.
Introduction
Conjugated polymers (CP) are now well-established as the basis for exible organic electronic devices such as light-emitting diodes, eld-effect transistors, optical sensors and solar cells.
1-4
Device performance has been shown to critically depend on the optoelectronic properties and nanoscale morphology of the conjugated polymer, which are intrinsically linked. 5, 6 Solutionphase processing methods such as inkjet or screen printing provide a route to facile, low cost fabrication of these devices. 7 However, the nanostructure of conjugated polymer lms deposited using such methods will be inuenced by the conformation of the polymer species present in solution. Similarly, the semiconductor-like optical and electronic properties of conjugated polymers also depend explicitly on the physical conformation of the polymer chains. The ability to control the polymer morphology and its interdependent optoelectronic properties is thus an important step towards the rational optimisation of organic electronic devices.
A variety of strategies have been investigated to exert control over polymer conformation and to reduce chain aggregation. These include using polymer blends, 8, 9 preparing self-assembled Langmuir-Blodgett lms, 10 or by conning the CP within the channels of porous templates. [11] [12] [13] The addition of long aliphatic side-chains, 14 bulky pendant substituents 15 or dendritic side groups 16 also help to diminish interchain aggregation. Cutting-edge techniques such as nanoimprint lithography have also been used to fabricate large-area ordered CP nanostructures.
17
In recent years, self-assembly approaches have increasingly emerged as an elegant bottom-up approach for the design and fabrication of reproducible nanoscale structures both in solution and the solid state.
18-24 Self-assembly involves the spontaneous association of organic, inorganic or hybrid building blocks, mediated by non-covalent interactions (e.g. electrostatic, van der Waals and hydrophobic forces, p-p stacking, hydrogen bonding), into stable, well-dened aggregates that exhibit structural and morphological organisation across multiple length scales. 25 While these non-covalent interactions may be relatively insignicant in isolation, when operating in unison they act as a powerful driving force for cooperative assembly over multiple building blocks. Self-assembly offers unprecedented potential as a route for obtaining simultaneous control over the aggregation and optoelectronic properties of She was subsequently a Marie Curie postdoctoral fellow at the Université Paris-Sud, before being awarded a research fellowship from the Fundação para a Ciência e a Tecnologia (FCT) to work jointly between the Universities of Coimbra and Aveiro, Portugal (2008 Portugal ( -2009 ). Her research focuses on bridging the interface between materials and device photochemistry, with an emphasis on the design and development of photoactive hybrid materials for application in optical and photovoltaic devices.
conjugated polymers due to their immense structural versatility. Modication of the structure and arrangement of the repeat unit, the molecular weight, the chemical groups that make up the chain ends or side chains, or any combination of the above, enables facile tailoring of both the optoelectronic properties and the tendency towards self-assembly (e.g. through the introduction of charged, hydrophilic, hydrophobic segments etc.).
26
In this Highlight, recent examples towards the development of integrated conjugated polymer systems, exhibiting controlled orientation and/or organisation of the polymer chains through virtue of self-assembly are described. We rst consider how the nature of the solvent can be exploited to either induce or inhibit interchain interactions in solution, thereby modulating the aggregation state of the polymer. The use of solvent-mediated self-assembly to promote the evolution of more ordered aggregates, such as polymer dots, sheets and vesicles in amphiphilic polymers is then discussed. We then progress to all-organic hybrid conjugated polymer aggregates, whereby co-assembly of the CP with organic building blocks (e.g. surfactants) leads to the formation of exotic, self-organised architectures, both in solution and the solid state. Finally we consider organic-inorganic hybrid CP supramolecular assemblies, where weak physical interactions at the phase interface are used to introduce order into either or both phases. In all cases, we focus on the type of non-covalent interaction(s) driving the self-assembly process and attempt to unravel the correlation between the optoelectronic properties and the structural organisation in these materials to their application in organic electronic devices.
2 Solvent-mediated self-assembly
Aggregation of CPs in solution: photophysical consequences
The physical conformation of a conjugated polymer chain is strongly inuenced by the solvent environment. In turn, modications to the chain conformation (and polymer concentration) can affect how easily independent CP chains can aggregate together in a way that inuences the optoelectronic properties. 5 The hydrophobic, structurally rigid backbone means that conjugated polymers oen exhibit low solubility, which is due to a combination of a small positive entropy of dissolution (due to reduced conformational mobility in solution) and a small negative enthalpy of dissolution (due to efficient molecular packing in the solid state). 27 Polymer solubility may be improved by covalently linking exible side chains to the backbone. The addition of hydrophobic side chains renders the polymer soluble in most organic solvents, whereas in contrast, polymers decorated with hydrophilic or ionic side chains are soluble in polar solvents and oen even water. 15, 28, 29 In addition, CPs containing ionic groups on their side chains exhibit the charge-mediated behavior typical of polyelectrolytes, giving rise to the sub-class of materials known as conjugated polyelectrolytes (CPEs). 15, 27, 28 However, although CPEs may appear to completely dissolve in pure water at the macroscopic level, in practice, they tend to exist as loose aggregates due to a complex interplay between p-p stacking, hydrophobic and various intraand interchain interactions.
30-34
Aggregation of individual chains extends the effective conjugation length, which is manifested as a bathochromic (red) shi in the absorption and photoluminescence spectra. 33 Simultaneously, aggregation leads to enhanced exciton mobility and a consequent decrease in the photoluminescence quantum yield, F PL , is commonly observed due to the increased probability of electron-hole recombination at nonradiative trap sites. 34 The addition of small quantities of polar co-solvents (e.g. acetonitrile, methanol, 1,4-dioxane) to aqueous CPE solutions has been shown to dissociate molecular aggregates, which reverses the above trends in the photophysical properties, i.e. yielding blue-shied absorption and emission maxima and an increase in F PL . [30] [31] [32] The chemical nature of the side chains therefore plays a pivotal role in dening the solubility and conformation of the polymer in a given medium. It should be noted, however, that aggregation has been shown to increase the emission intensity for some conjugated polymers, rather similar to the AggregationInduced Emission (AIE) phenomenon observed in some nonplanar conjugated small molecules.
35 AIE active molecules, such as the archetypal hexaphenylsilole (HPS), typically exhibit a propeller-like structure containing rotor and stator functional groups. 36 In dilute solution, intramolecular rotations against the stator (e.g. rotation of the 6 phenyl rings against silole in HPS) result in non-radiative annihilation of the excited state, rendering the molecule non-luminescent. However, in the aggregated state, non-radiative deactivation is signicantly reduced due to physical restraints on both intramolecular rotations and p-p stacking interactions, which preferentially results in radiative deactivation of the excited state (i.e. the photoluminescence is 'switched on').
36 Aggregation-enhanced emission (AEE) has been observed for some poly(1-phenyl-1-alkyne)s 37 and poly(diphenylacetylene)s,
38
which both contain a phenyl rotor(s) and an olen stator in their repeat units. Steric hindrance partially inhibits intramolecular rotation of the phenyl rings in these polymers, such that they are already emissive in dilute solution. Upon aggregation, however, this effect is amplied, resulting in the observed enhancement of the photoluminescence.
Conjugated polymer nanoparticles (polymer dots)
Spherical CP nanoparticles (polymer dots) can be obtained by exploiting changes in the polymer solubility and therefore conformation in different polarity media. [39] [40] [41] [42] [43] Rapid injection of a miscible organic solution of a neutral conjugated polymer into an excess of water (the reprecipitation method -see Fig. 1 ) results in the self-assembly of neutral conjugated polymers into discrete nanoparticles, promoted by the driving force for aggregation exerted by the hydrophobic backbone on introduction into the aqueous environment. Nanoparticle formation is typically conrmed by the observation of a red-shi in the absorption and photoluminescence spectra compared to the parent CP solution, in conjunction with light scattering and electron microscopy studies.
39-43
Schenning and co-workers recently demonstrated that polarity of the side chains also inuences the size, stability and uorescence quantum yield of nanoparticles prepared from non-ionic uorene co-oligomers using this approach.
42 Nanoparticles derived from p-conjugated uorene co-oligomers containing non-polar side chains were more stable, smaller and generally had a higher F PL than nanoparticles prepared from hydrophilic analogues (Fig. 1) . Energy transfer dynamics between donor (naphthalene) and acceptor (benzothiadiazole) chromophores incorporated in the co-oligomer backbone revealed that no oligomer exchange occurred between preformed nanoparticles for the hydrophobic oligomers, whereas in contrast, molecular exchange took place both at room temperature or aer annealing in the case of hydrophilic oligomers. Moreover, it was observed that nanoparticles prepared from solutions containing a mixture of naphthalene-and benzothiadiazole-uorene co-oligomers exhibited self-sorting, resulting in either the formation of distinct domains within the particles or the formation of separate nanoparticles, due to the differing solubility gradients induced by the polarity of the sidechains. These results indicate that by appropriate design of the polarity of the polymer side chains it should be possible to prepare multicomponent nanostructures with selective macroscopic properties capable of mimicking the media they are in, which would be highly advantageous for sensing and imaging applications.
Amphiphilic CPs: blackberries, rods and vesicles
Conjugated polyelectrolytes are inherently amphiphilic: the addition of ionic side chains to the hydrophobic polymer backbone introduces a distinct solubility gradient across the polymer. For synthetic simplicity, the terminal ionic groups are typically small anions (e.g. SO , approximately 1 nm in size, has been demonstrated. 44, 45 Large polyoxometalate (POM) macro-anions are known to self-assemble into vesicle-like single-layered blackberry structures in polar solvents, driven by counterion-mediated attraction and hydrogen bonding. 46, 47 Peng, Liu and coworkers recently demonstrated that hybrid PPE-POM polymers mimic the solution self-assembly behaviour of the parent macro-anions:
45 in non-polar solvents such as toluene, the polymers exhibit amphiphilicity and self-assemble into reverse vesicle, whereas in polar solvents, the side chains are charged and the polymers assemble into 1D hollow tubular structures typical of polyelectrolytes. POM-containing hybrid polymers have been shown to be good candidates for photovoltaic cells and photocatalytic materials and obtaining such hierarchical organisation of the CP and POM components within a single Differences in the solubility and/or crystallinity of the polymer structure may also be exploited to yield more exotic selfassembled structures. Block copolymers contain two or more immiscible homopolymers that are covalently linked, which naturally exhibit self-assembled nanodomains due to the inherent incompatibility between the blocks. [49] [50] [51] The shape and size of these nanodomains are determined by the block ratio, molecular weight, and block-block interaction parameter. 49 Scherf and co-workers have recently reported an elegant synthetic approach to amphiphilic all-conjugated polyelectrolyte block copolymers, in which the blocks exhibit not only different chemical structures, but also differing polarities. 53 Examples include the combination of a hydrophobic, blue-emitting polyuorene (PF) block such as poly[9,9-bis(2-ethylhexyl)-uorene] (PF2/6) or poly[9,9-bis(octyl)-uorene] (PFO) connected to a polar, red-emitting polythiophene (PT) block such as poly [3-(6- 
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The hydrophilic nature of the polythiophene blocks leads to solvent-induced self-assembly in mixtures of selective and nonselective solvents, as observed for PF2/6-P3PHT in water-tetrahydrofuran (THF) or water-hexane 53 or PF2/6-b-P3TMAHT in water-THF 54 or water-MeOH. 55 Notably, the self-assembled structures generated in solution are transferred to the solidstate, such that PF2/6-b-P3TMAHT forms vesicular nanostructures in drop-cast lms prepared from low concentration methanolic solutions (0.03 mg mL À1 ) (Fig. 2b) . Films prepared from solutions at higher concentrations ($5 mg mL À1 ) lead to a denser coverage of the substrate and a transformation to solid state-like lms. 52 Atomic force microscopy (AFM) measurements reveal a transition from vesicular (region 1, Fig. 2a ) to a lamellar morphology (region 3, Fig. 2a ) with a layer height of ca. 35-45 nm, which corresponds to the double lateral dimension of the copolymer bilayers formed following collapse of the vesicles.
The PF2/6 emission spectrum and the P3TMAHT absorption spectrum exhibit signicant spectral overlap, such that Förster resonance energy transfer (FRET) from the donor PF2/6 to the acceptor P3TMAHT may be exploited to provide insight into the conformation of the polymer in different media. 54 Since the FRET efficiency depends critically on the donor-acceptor distance, structural reorganisation of PF2/6-b-P3TMAHT aggregates in different solvent mixtures will be indicated by a change in the photoluminescence spectrum of the aggregate (Fig. 2b) . For example, THF is a non-selective solvent for both the PF2/6 and P3TMAHT blocks. Each block exhibits its characteristic individual photoluminescence (PL) characteristics and no energy transfer is observed, indicating that the majority of PF2/6 and P3TMAHT blocks are outside of the Förster transfer radius, and that the polymer forms aggregates with segregated PF2/6-and P3TMAHT-rich domains. In THF-water (1 : 1) selective excitation of the PF2/6 block results in energy transfer, suggesting a closer proximity of distinct blocks. In pure water, poor solubility of the hydrophobic PF2/6 blocks promotes the formation of aggregates in which the PF2/6 blocks are located in the interior, thus minimising polymer-solvent contacts. Small-angle X-ray and neutron scattering (SAXS/SANS) experiments conrmed that PF2/6-b-P3TMAHT undergoes a series of structural transitions in solution, with variations in the solubility gradient promoting a transition from aggregates with surface fractal interface (THF), to those with a signicant planar component due to the presence of the 2-dimensionally merged ribbon-like aggregates or the fused walls of the observed vesicular nanostructures (THF-water (1 : 1)). Reorganisation of the self-assembly structure is therefore concomitant with distinct solvatochromic changes in the photoluminescence behaviour.
3 All-organic hybrid CPE materials
CPE-surfactant complexes
The addition of ionic or neutral surfactants at concentrations below the critical micelle concentration (CMC) to aqueous CPE solutions has been shown to break up and disperse polymer aggregates, similarly modifying the photophysical properties as described above for co-solvent addition. [56] [57] [58] [59] Recent efforts have focused on understanding the mechanism(s) behind CPEsurfactant association and the subsequent photophysical consequences across several concentration regimes. While size and charge density are critical factors in driving the electrostatic association between the hydrophilic head group and the ionic side chains, 59 ,60 the role of secondary interactions (e.g. hydrophobic, van der Waals, hydrogen bonding, hydration) will undoubtedly determine the shape, size and compactness of the co-assembly structures formed. In a study of the interaction between the anionic sodium poly[2-(3-thienyl)-ethoxy-4-butylsulfonate] (PTEBS) and cationic poly (9, 9 0 -bis(6-N,N,N-trimethylammoniumhexyl)uorene-alt-1,4-phenylene)dibromide (PFP-NR3) CPEs with oppositely charged surfactants, Heeley and coworkers proposed a cross-linking aggregation mechanism, whereby multiple polymer chains interact with a single, oppositely charged surfactant molecule.
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At concentrations approaching the CMC, complexation between the CPE and the surfactant via electrostatic and/or hydrophobic interactions leads to locally enhanced concentrations of the surfactant and templated formation of CPE-micelle complexes. The study demonstrated that not only are complementary charges between the CPE and the surfactant required for association, but that length of the surfactant tail must also be sufficiently long to penetrate between the polymer chains.
At surfactant concentrations approaching and above the CMC, the surfactant provides a so, tunable scaffold with a well-dened structure on which the CPE can be templated, yielding co-assembled nanostructures and supramolecular CPE-surfactant assemblies. The solution phase structure of most common surfactants is well-dened by binary (concentration-temperature) phase diagrams, thus providing a means by which the pattern of this organic template can be designed and exploited to modulate the structural organisation and consequently the optical properties of the co-assembled CPE. Knaapila, Evans and co-workers have recently explored the use of complementary small-angle neutron scattering (SANS) and photoluminescence measurements to probe the internal organisation of the electrostatic CPE-surfactant complexes formed between the cationic polythiophenes poly[3-(6-trimethylammoniumhexyl)thiophene] (P3TMAHT) and poly [3-[6- (Nmethylimidazolium)hexyl]thiophene] (P3ImiHT) and anionic surfactants (e.g. sodium dodecyl sulfate) in D 2 O (Fig. 3) .
61-63 By exploiting differences in the neutron scattering length densities of the individual components in the CPE-surfactant-D 2 O system, SANS enables both the internal and supramolecular organisation of the CPE-surfactant complexes to be probed. Although P3TMAHT and P3ImiHT differ only in the ionic terminal groups on their side chains, subtle differences in the surfactant mole fraction (x) and chemical structure (e.g. chain length, head group charge density, peruorination) result in marked variations in the range and type of complexes formed, ranging from spherical aggregates, to rods and lamellar sheets. These structural transitions are accompanied by concomitant modications to the optical properties, which include surfactochromic shis in the solution color from red (P3TMAHT) to violet (x ¼ 1/5 to 1) to yellow (x > 2) and increased vibronic structure in the photoluminescence spectrum, thus providing each complex structure with a unique colorimetric and uorimetric ngerprint (Fig. 3) . The results suggest that P3TMAHT may have potential as an optical sensor platform for the detection of industrially relevant anionic surfactants using dual mode (colorimetric and uo-rimetric) detection to selectively identify distinct structural sub-groups.
Self-assembled CPE-surfactant complexes have also been demonstrated as effective interfacial modiers to improve the performance of bulk-heterojunction (BHJ) solar cells. 64 The active BHJ layer consists of a homogeneous blend of the electron donor and electron acceptor, which are typically poly(3-hexyl thiophene) (P3HT) and [6, 6] -phenyl C 61 butyric acid methyl ester (PCBM), respectively. The addition of a CPE interlayer between the active layer and the metal electrode interface has been shown to signicantly enhance device efficiency, which is believed to be due to the formation of dipoles at the organic-metal interface which facilitate electron transport. [65] [66] [67] However, the P3HT:PCBM layer is highly hydrophobic and as a result shows limited wettability to the polar CPE layer, resulting in discontinuous lm formation. 68 Chang et al. have recently shown that the stoichiometric complex formed between P3TMAHT (Fig. 3) and the anionic surfactant sodium dodecyl benzene sulfate (SDBS) could similarly be employed as a cathode interface layer, leading to a 2% increase in the power conversion efficiency relative to the parent device. 64 Complexation with SDBS increased the hydrophobicity of the P3TMAHT interlayer, consequently improving spreading of the lm at the organic-metal interface, as inferred from the observed contact angle change from 105 to 70.6 at the P3HT:PCBM lm surface.
The increased power conversion efficiency was thus attributed to superior lm formation and subsequent increased charge transport efficiency at the interface.
CP organogels and surfactogels
In some solvents, conjugated polymers self-assemble into so supramolecular assemblies or organogels, where physical interactions determine the ordering and packing of the polymer chains over several length scales. Supramolecular organisation can result in a change in the optoelectronic properties. For example, poly(2,5-dialkyl-p-phenyleneethylene) (PPE) based gels in toluene exhibit liquid crystallinity at high concentrations 69 and b-phase formation has been observed in poly(uorene) supramolecular gels in apolar organic solvents. 70 More recently, it has been demonstrated that the PL emission colour of organogels and related spin-coated lms of polyuorene-based poly(tertiary alcohols) (PPFOH) can be modulated by changing the solvent and polymer molecular weight (M n ) (Fig. 4) . 71 Above the critical gelation concentration (CGC), hydrogen bonding and p-p stacking interactions promote chain aggregation in non-polar solvents such as toluene, resulting in the formation of organogels. The PL spectrum of the organogel exhibits a broad emission band centred at 465 nm, which becomes increasingly red-shied as the concentration is increased. Increasing the M n of the polymer lowers the CGC and simultaneously results in the emergence of a second emission band centred at 560 nm, which is attributed to emission from low energy, hydrogen-bonding assisted, interpolymer complex domains present in the PPFOH gel. The inuence of M n becomes more signicant in spin-coated lms prepared from PPFOH/toluene solutions: a signicant contribution from the low-energy band to the photoluminescence spectrum of the high molecular weight polymer (PPFOH-H) shis the observed emission colour from blue to pale green/yellow. In polar aprotic solvents such as THF, organogelation is not observed, but the low-energy emission band dominates the photoluminescence spectrum of the corresponding spin-coated lms, which appear bright yellow under irradiation (Fig. 4) . Thus, by modulating the supramolecular structure of the precursor solution for spincoating, it is possible to tune the optical properties.
Organogel formation is controlled by factors such as concentration, temperature, solvent and ageing. Hybrid CPEsurfactogels can additionally be formed by complexation with charge compensating surfactants at concentrations above the CGC. For example, Osuji et al. showed that in aqueous solution the anionic PTEBS and cationic surfactant cetyl trimethyl ammonium bromide (CTAB) system results in the formation of a optically isotropic hydrogel-like phase at low concentrations ($4 wt%).
72 Concentration of the gel by slow solvent evaporation produces a strongly birefringent sample indicative of a isotropic-liquid crystalline transition at a critical concentration of 35 wt%, resulting in the formation of a hexagonally ordered lyotropic mesophase in which the polymer chains are packed into hexagonally ordered rod-like assemblies. The lyotropicliquid crystalline tendency of the surfactant is thus imparted on the CPE in the hybrid hydrogel, providing a means by which the optical properties may be modulated. The related P3KHT (poly(3-potassium hexanoate thiophene))-CTAB system also forms a stable supramolecular hydrogel, which upon dilution undergoes a time-dependent coil-to-rod conformational transition, which is manifested by signicant changes in the UV/Vis absorption and PL spectra. 73 Following dilution, the system gradually changed colour from orange to brown (aer minutes), eventually forming a biphasic deep purple precipitate aer weeks. The UV/Vis absorption spectrum is consistent with these changes: the absorbance of the freshly diluted hydrogel occurs at l abs $ 430 nm, with the subsequent evolution of a red-shi centred at 590 nm being observed as a function of time. Similarly the corresponding photoluminescence spectrum exhibits a 50 nm red-shi from l em $ 580 nm to l em $ 630 nm upon ageing. These results are consistent with a time-dependent conformational transition from a coil-like state with twisting and bending between thiophene repeat units (high energy), to a rod-like state that has a smaller dihedral angle between the thiophene rings, effectively extending the conjugation length.
CPE-polymeric surfactant lms
Emissive polymers are oen blended with a second inert or active polymer in an attempt to reduce interchain interactions. 8, 9 However, the low entropy associated with the mixing of dissimilar polymers typically results in phase separation when blends are cast as thin lms from solution. Al-Attar and Monkman have recently shown that this problem may be overcome using mixtures of water-soluble CPEs, e.g. PFP-NR3, with polymeric surfactants such as poly(vinyl alcohol) (PVA) to form stable lms of the blend that are homogeneously mixed at the nanoscale. 74 The PVA functions both as a surfactant that effectively breaks up CPE aggregates and also as a cage which efficiently locks the isolated chains in place via hydrogen bonding interactions between neighbouring PVA chains and residual water of crystallisation. Opening and closing of the PVA cage can be controlled by temperature. At 80-90 C in solution, hydrogen bonding interactions between neighbouring chains are disrupted, PVA is completely soluble and the cage is open. Spin coating or drop casting of the hot CPE/PVA solution, followed by fast drying, results in rapid crystallisation of the PVA network, and closing of the cage. Complete isolation of the CPE chains within the hydrogen-bonded PVA superstructure leads to an increase in the PL lifetime and a concomitant increase in the PL quantum yield, from F PL ¼ 0.08 in the pure PFP-NR3 lm, to F PL ¼ 0.55 in the PFP-NR3/PVA blend. Even more remarkable, then, is the observance of room-temperature phosphorescence from the PFP-NR3/PVA drop cast lm, indicating the PVA hydrogen bonded network efficiently connes relaxation of the CPE backbone to isolated chains, with very little or no exciton diffusion. One limitation of electroluminescence in organic materials is that charge injection produces both singlet and triplet excited states, in the statistical ratio 1 : 3. Since only the singlet state is normally luminescent, this normally reduces the maximum efficiency possible from these devices to 25%. Since these PFP-NR3/PVA blends are able to harvest both singlet and triplet excitons, they may show considerable promise as the emissive layer in polymer light-emitting diodes with the potential of approaching the theoretical 100% photoluminescence efficiency.
4 Organic-inorganic hybrid CP materials
Organic-inorganic hybrids combine the advantages of "so" organic and "hard" inorganic building blocks in a single material. The properties of the hybrid are governed by the individual contributions of both the organic and inorganic components, as well as the inner interfacial contributions.
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Hybrids incorporating small organic lumophores have been extensively examined for the development of robust, lightemitting platforms 76 and attention has now turned towards the preparation of conjugated polymer based analogues. The incorporation of CPs into an inorganic matrix introduces multiple possibilities. It enhances the potential for technologytransfer from the laboratory to the consumer, e.g. for solid-state sensors and displays, whilst simultaneously providing an alternative route to exert control over polymer conformation and orientation, 11, 77, 78 as well as improving environmental stability. 78, 79 Moreover, weak physical interactions can also be exploited and coordinated to yield desirable morphologies at the organic-inorganic interface.
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The preparation of CP-organic-inorganic hybrids is nontrivial. Sol-gel chemistry is typically the preferred route to composite materials, however achieving miscibility between the hydrophilic inorganic oxide sol-gel precursors, the hydrophobic conjugated polymer and the aqueous processing media is challenging. Moreover, in the absence of specic interactions between the two components, aggregation of the organic constituent in the inorganic matrix oen occurs during the solgel process, leading to macroscale phase separation. A number of methods have been proposed to address these difficulties, which include (i) the use of water-soluble CPEs; 79 (ii) introducing a zwitterionic mediator;
80 (iii) the use of polar aprotic solvents; 78, 81, 82 and (iv) co-templating with non-ionic surfactants. 77, 78, [81] [82] [83] We will now consider each approach in turn. The use of conjugated polyelectrolytes as the organic component both improves solubility in the sol-gel media and facilitates homogeneous mixing of the organic-inorganic components via electrostatic interactions. Homogeneous polyacetylene-silica 84, 85 and polythiophene-silica 86 and -titania 87 hybrids have been successfully prepared using the sol-gel method by exploiting ionic interactions between cationic groups on the CPE side chain and anionic silanol moieties. Evans and co-workers have shown that the charge on the CPE chains can critically affect the extent of phase aggregation at the organic-inorganic interface in poly(uorene)-silica hybrids.
Silica nanocomposites prepared from the anionic poly[9,9-bis(4-sulfonylbutoxyphenyl)uorene-2,7-diyl-alt-1,4-phenylene] (PBS-PFP) and cationic PFP-NR3 are homogeneously mixed at the micron scale, but simultaneously exhibit nanoscale separation at the phase interface. Solid-state 29 Si magic-angle spinning (MAS) NMR, AFM and PL measurements indicated that immiscibility at the nanoscale is more pronounced for the cationic PFP-NR3, which is attributed to a more homogenous uptake of the anionic PBS-PFP into the condensing silica network, mediated by hydrogen bonding interactions between terminal SO 3 À units on the CPE and silanol groups. In contrast, the cationic NMe 3 + groups are able to interact with the inorganic component only via much weaker van der Waals forces. Charge-mediated aggregation may thus provide the key to controlling nanophase separation, whilst enabling continuity of the individual phases at longer length scales. This could have important implications for the design of CP-organic-inorganic hybrid materials for photovoltaics, which whilst requiring that each phase maintains continuity through the active layer to provide a continuous pathway for carrier transport to the electrodes, simultaneously demands the presence of high surface area, interpenetrating networks of the electron donor and acceptor to minimise the charge carrier diffusion distance. The poly(uorene)-silica hybrids retain the intense blue photoluminescence of the parent CPE, which is efficiently quenched by nitroaromatic vapors, suggesting that these materials may also show potential as prototype platforms for explosives detection. Notably, aer quenching, the PL is easily regenerated over multiple quenching cycles, indicating that these materials may nd application as robust solid-state sensors. Neutral poly(uorenes) and poly(phenylene ethylene)s have also been incorporated into silica composites prepared under non-aqueous sol-gel conditions (e.g. in CHCl 3 , formic acid) in the presence of room-temperature ionic liquids (RTILs).
80,88
Such hybrids are termed ionogels, since the ionic liquid is conned within the solid oxide host network whilst simultaneously retaining its liquid nature. The inherent amphiphilicity of RTILs promotes physical interactions at the RTIL-silica interface (e.g. hydrogen bonding, p-p stacking) which can be exploited to template organised structures into mesoporous silica. 89 We recently demonstrated that cooperative interactions at the phase interface could similarly be used to promote localisation of the three components in poly (9,9- 
bis(triuoromethanesulfonyl)imide) ionogels within either hydrophilic or hydrophobic domains (Fig. 5) . 80 PFO was observed to preferentially occupy the hydrophobic environment created by p-p stacking interactions between [Bmim] + cations, driving the formation of planar, stacked PFO aggregates. Concomitantly, hydrogen bonding with free silanol groups promotes directed orientation of the [Tf 2 N] À anion along the silica walls. Upon incorporation into the ionogel, the UV/Vis absorption and PL spectra are both signicantly red-shied compared to PFO in solution, indicating the polymer adopts a more rigid, planar conformation with extended p conjugation in the solid state. This behavior is consistent with a transition from the disordered a-phase to the formation of the b-phase in the ionogel, in which individual PFO chains adopt a p-p stacked structure. Co-assembly approaches can also be used to introduce CPs into mesostructured inorganic oxide lms of titania or silica. Non-ionic amphiphilic surfactants such as BrijÔ and PluronicsÔ are well-known to act as structure directing agents (SDAs) for the formation of templated, ordered mesoporous inorganic materials using sol-gel conditions. 90, 91 Mesostructured lms are prepared by dip-coating a mixture of the inorganic oxide precursor and the surfactant onto a substrate; subsequent evaporation-induced concentration gradients promote the formation of highly ordered, self-assembled inorganic oxide-surfactant mesostructures, which are frozen in place upon polymerisation of the inorganic phase. The addition of a conjugated polymer into the precursor solution promotes co-assembly of the hydrophobic CP, the amphiphilic SDA and the hydrophilic inorganic oxide, circumventing macrophase separation.
77,78,81-83 By modifying parameters such as the surfactant type, concentration, solvent and temperature, it is possible to fabricate lms exhibiting a variety of morphologies, including hexagonal closed-packed, cubic and lamellar structural motifs. Frey and coworkers have shown that the chemical composition and structural organisation at the organic-inorganic interface can have a signicant inuence on the photovoltaic properties of these materials. 77, 92 In a comprehensive study they used a series of ethylene oxide (EO)-propylene oxide (PO) block-co-polymer surfactants as structure-directing agents to template the formation of MEH-PPV-titania cubic mesostructured lms. 92 The length of the hydrophilic EO segments and the type of hydrophobic segment were shown to critically inuence the extent of interfacial interaction, such that SDAs containing long hydrophilic segments and moderately hydrophobic PO blocks (e.g. F127) promoted enhanced mixing at the CP-titania interface (Fig. 6) . Improved interfacial contact resulted in increased PL decay rates and high photocurrent generation in these lms compared to analogous MEH-PPVtitania lms templated using P123 or Brij58, which contain a more extensive hydrophobic component. Enhanced contact between the CP and the titania framework thus results in efficient electron transfer at the phase interface, yielding correspondingly higher photovoltaic efficiencies for the MEH-PPV-F127-titania lms (0.082% conversion efficiency vs. 0.006% for MEH-PPV-Brij58-titania) (Fig. 6) . Controlled interfacial engineering may therefore provide a route to improved efficiency in hybrid photovoltaic devices.
Summary and outlook
Molecular design and strategic chemical synthesis enable facile tuning of the optoelectronic properties of individual conjugated polymer chains through judicious selection of the repeat unit. However, in real-life applications conjugated polymers do not exist as discrete, non-interacting chains, but instead as macroscopic assemblies in a variety of states including lms, bres and interfaces. The packing of the individual polymer chains in these different states will determine the electronic coupling, and consequently the optoelectronic properties. If organic electronic devices are to achieve higher performance levels, then understanding the factors which drive intermolecular organisation and the development of chemical design strategies that provide control over it must be key priorities. As the examples presented in this Highlight illustrate, self-assembly may indeed provide the solution to this challenge, offering a mechanism by which individual components may be assembled into larger, more-ordered functional ensembles. However, the challenge of understanding the interplay between the different weak physical interactions which drive intermolecular organisation in these materials remains unsolved. Success in this approach will therefore require that chemical synthesis and self-assembly are developed in tandem. Advances in synthetic design mean that conjugated polymers are no longer restricted to the propagation of a single repeat unit and as demonstrated above, a variety of structural arrangements, such as block copolymer, dendrimers and star-burst polymers, are now readily accessible. 26 Similarly, structural modications of individual fragments of the polymer chain may provide a mechanism by which the self-assembly of multiple chains can be directed. This may be at a fundamental level, for example the strategic introduction of functional groups that promote weak physical interactions such as hydrogen bonding or van der Waals forces. Alternatively, it may involve a more sophisticated demonstration of the exploitation of size, geometry and orientation of the repeat unit to direct intermolecular assembly. The role of side chains in controlling both solubility and selfassembly has already been established. However, many structural variations in terms of the topology, chemical composition and distribution of side chains across the backbone structure have yet to be explored. The molecular weight and polydispersity of the polymer chains are also key considerations, since these will also inuence the supramolecular organisation and morphology. The parallel evolution of judicious molecular design and chemical synthesis should provide a pathway to targeted self-assembly in both single component and hybrid materials, enabling the preparation of unprecedented structures and patterns at the nanoscale with the added benet of incorporated functionality. This capability will open up an exciting avenue for the transfer of self-assembled conjugated polymer materials from the laboratory to the market place and take us closer to the ultimate goal of deciphering the complex relationship between molecular structure, supramolecular organisation and device performance.
